We have isolated from a single human liver cDNA library two clones which are highly homologous (78% over the coding region) to the major phenobarbital-inducible P450 from rat (P450IIB1) . This is the first direct demonstration of the presence of the P450IIB gene subfamily in humans. This subfamily is much less extensive than the rodent homologues, but does appear to contain at least two genes. Of the cDNA clones isolated one is apparently normally spliced, whereas the other lacks exon 8 and retains all or part of intron 5. Both clones contain transcribed Alu sequences. The human P450IIB gene has been located to chromosome 19ql2 > 19ql3.2 using a probe derived from intron 5, and is close to the CYP 2A locus encoding cytochrome P450IIA2. Restriction fragment length polymorphisms have been found with the enzymes fiamHI and which will enable linkage to be determined between these two loci.
identified in humans. A human cDNA clone originally ascribed to this gene subfamily has now been assigned to the P450IIA subfamily (9, 10) .
We report the isolation of cDNA clones which appear, on the basis of their sequence homology to the rat P450IIB1 cDNA, to be encoded by part of the human P450IIB subfamily. One of these clones is derived from an abnormally-spliced mRNA.
We have established the chromosomal location of this novel gene subfamily as 19ql2 --> 19ql3.2, close to the CYP2 A locus encoding P450IIA2. This region of chromosome 19 shows linkage homology with a portion of mouse chromosome 7 to which P450IIB genes have been assigned (28, 33, 36) .
Cytochrome P450 gene families have been distinguished on the basis of their structural homology and chromosomal location (10, 3) . For example, P450IIA is in family II, subfamily A. The genetic locus for this family in man is termed P450C2A according to Nebert e£_al (10) and CYP 2A according to standard human gene mapping nomenclature. We have used the system of Nebert p.t al for designating individual P450 genes and the human gene mapping nomenclature for assigning loci.
MATERIALS AND METHODS

Preparation of Radioactive DNA Probes
Restriction fragments for use as probes were radioactively labelled with [cc32p]dCTP (3000 Ci mmol" 1 ) by either nick-translation (11) or random primer extension (12) . Unincorporated nucleotides were removed by "spin-chromatography" through a lml Sephadex G-50 column (13) .
Isolation of Human P4S0TTB cDNA Clones
A cDNA clone (R17) encoding the C-terminal 211 amino acid residues of the major phenobarbital-inducible cytochrome P450 from rat (P450IIB1; 14) was used to screen plaques from a human liver cDNA library cloned in Xgtll (obtained from Clontech, Palo Alto, CA) by the method of Benton & Davis (15) . Positive clones were purified, the phage DNA isolated essentially by the method of Grossberger (16) , and the EccRI inserts cloned into pUC9 or pUC119 and M13mpl8.
DNA Sequence Analysis
The dideoxy chain-termination method was used with [a-^^S]thio-dATP (600 Ci mmol" 1 ) to sequence DNA cloned in M13 (17, 18) . Overlapping sequences were derived using a series of synthetic oligonucleotides and by using laal, TaqT-EcoRT and tlSElEcaRI fragments and universal primer. Sequences were compiled and analysed using Staden Plus software implemented on a DCS286 computer (19) .
Southern Blot. Analysis
Standard procedures were used for the isolation of genomic DNA, restriction enzyme digestion and gel electrophoresis (13) . DNA was transferred from gels to Hybond-N nylon membranes using the manufacturer's recommended conditions (Amersham International). Membranes were hybridized at 65°C, and after hybridization the membranes were washed to a final salt concentration of 0.2X SSC at 65°C.
CfiilS.
Cell lines were maintained according to Spurr t»t. al. (20) . 
RESULTS
Human P450TIB r.DNA Sequences A cDNA library derived from a single human liver, was screened with a probe (R17) encoding the C-terminal 211 amino acid residues of the major phenobarbitalinducible rat cytochrome P450 (P450IIB1; 14). Two clones (XMP1 and AMP2; Figure 1) were identified and the ECfiRI fragments subcloned into either pUC9 (XMP1) or pUC119
(XMP2) to give pMP9 plus pMPIO, and pMP14, respectively. The cDNAs were also subcloned into M13mpl8 and the complete nucleotide sequences derived using the strategy shown in Figure 1 . The sequences have been deposited in the EMBL databank with accession numbers X06399 and X06400 for XMP1 and XMP2, respectively.
The two DNA sequences were closely related; XMP1 (1855bp) is identical to AMP2 (1437bp) over most of its length. However, relative to XMP2, AMP1 lacks an internal sequence of 142-bp between residues 647 and 788 and extends a further 550bp in the 5' direction. A compiled sequence derived from the two clones is shown in Figure 2 . An open reading frame extends from positions 317 to 967 ( Figure 2 ) . Comparison of this sequence with both the genomic and cDNA structures for the rat P450IIB1 gene (21, 22) indicates a high degree of identity (78%) with exons 6,7,8 and 9 of the rat gene.
The identity fall3 to 27% in the 3' non-coding region. A  1490  1500  1510  1520  1530   TAAAATTAGCCGTTTTAAAGTGTAAAATTTAGTGCCGTGTGGTTCATTCACAAAGCTGTACAACCACCACATCTAGTTCCAAACATTTTC  1540  1550  1560  1570  158OA,.. _ 1590  1600  1610  1620   TTTTTTTCPGAGATGGAGTCTCACTCTGTCACCCAGGTTCGAGTTCAGTGGTGCCATCTCTGTCCACTGCAACCTCCACATCCTGGGTTC  16 10  1640  1650  1660  1670  1680  1690  1700  1710   AGTGATTCTCCTGCCTCAGCCTCTGGAGCAGCTGGTATCACAGCCGTCCCCCACCACGCCTGGCTAAATTTTGTATTTTTAGpTGTTCT  1720  1730  1740  1750  1760  1770  1780  1790   TGAACTCCTGATGTCAGCTGATTCTCCTAGCTCCAAATGTTTTCATTATCTCTCCCCCAACAAAACCCATACCTATCAAGCTGTCACTCC  1810  1820  1830  1840  1850  I860  1870  1880  1890   CCATACCCCATTCTCTTTTTCATCTCGGCCCCTGTCAATCTGGTTTTTCTCACTATGCACTTACCAATTCTGAATATTTCCCATAAACAG  GGAATTC  1900  1910  1920  1930  1940  19 50  i960  1970 sequences ( Figure 2 ) has been aligned with the corresponding rat amino acid sequence in Figure 4 . The human P450IIA2 sequence, which was derived from a cDNA also isolated using a rat P450IIB cDNA as a probe (9) is shown for comparison. The human P450IIB protein shares 74% identity with rat P450IIB1 over the region compared (residues 275-491 in the rat sequence), the homology increasing to 84% when conservative substitutions, scoring >0.12 in the MDM78 mutation data matrix, are included (25) . This contrasts with 51% identity increasing to 65% homology for human P450IIB is human P450IIA2; and 54% increasing to 70% for rat P450IIB1 is human P450IIA2 over the equivalent regions.
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by exons 6,7,8 and 9 (26) . Inspection of the human P450IIB sequence shows that at six of these positions it has the same residues as rat P450IIB1, and at two positions the same as rat P450IIB2. At six further positions the human sequence codes for a different amino acid residue.
Chromosomal Localization
To determine the chromosomal location of the human P450IIB gene, the introncontaining 338-bp ECQRI fragment from pMPIO was used in order to prevent any exonderived sequences cros3-hybridizing with other members of the P450II family in either the human or rodent DNA of the somatic cell hybrids. In BCQRI-cleaved human DNA this probe identifies two bands of 3.5kb and 1.1kb. A panel of fourteen human-rodent somatic cell hybrids were screened (Table 1 ) 
Restriction Pniymorphi
The 338-bp ECQRI intron 5 probe was used to screen for informative restriction fragment length polymorphisms. The enzyme BaujHI identified a two allele polymorphism with bands a t 18.7kb (Al) or 9.4kb (A2) and an invariant band a t 7.4kb ( Figure 6 ). A second polymorphism was detected using M.spl digestion but only one allele at 2. 9kb • (Bl) could be clearly seen, along with invariant bands of 3.5kb, 2.2kb and 1.0kb ( Figure 6 ). Screening of an unrelated Caucasian population revealed allele frequencies of 0.59 (Al) and 0.41 (A2), and 0.55 (Bl), and segregation was shown in Bam HI Fionre 6. Res1-Hcf.ion fragment-I^nyt.h polymorphisms detected bv using a P450TTB E£i2l2S. The 338-bp ficaRI probe was used on human DNA digested with EamHI and fclSBl. The alleles identified with BamHT are Al (18.7kb) and A2 (9.4kb) with an invariant band at 7.4kb; the allele (Bl) clearly seen with M S B I is at 2.9kb, with invariant bands of 3.5kb, 2.2kb and 1.0kb. The 1.0kb M a d band in lane 4 is clearly present in the original autoradiograph, although it is very weak. The differences in intensity seen in this band may be due to differences in methylation, or the second allele also migrating at 1.0kb. Inheritance through two separate families is shown.
family studies ( Figure 6 ) . Polymorphisms were detected under usual stringency conditions with a final wash in 0.2X SCC at 65°C.
D I S C U S S I O N Identification of a Novel Human P45Q Si^family
Two cDNA clones have been isolated from a human liver cDNA library which are highly homologous to cDNA sequences for the rat and rabbit cytochrome P450IIB
subfamilies. The human cDNA would encode a protein which exhibits 74% homology with the rat P450IIB1 amino acid sequence over the region characterized. This degree of homology between rat and human sequences has been reported for a variety of orthologous P450 genes (30, 31, 32) . It therefore appears that the cDNA sequences identified here are part of the human P450IIB subfamily. In support of this assignment, the region of chromosome 19 to which this family maps shows linkage homology to a region of chromosome 7 in the mouse, to which the mouse P450IIB subfamily has been localized (33) . Similarly, a region of rat chromosome 1, containing the rat P450IIB genes (b, e locus), also shows linkage homology to this part of mouse chromosome 7 (50).
In rat there are two almost identical P450IIB gene products (P450IIB1 and P450IIB2) which differ in only fourteen amino acid residues, all of which are encoded by exons 6,7,8 and 9 (26) . The amino acid sequence derived from human P450IIB
resembles P450IIB1 more closely in having six out of these fourteen amino acids in common, compared with only two for P450IIB2 (Figure 4) . However, it is likely that the human gene has arisen from an ancestral gene common to all P450IIB genes as the rat P450IIB1 and P450IIB2 genes are believed to have diverged as recently as 12 million years ago. The closer homology to rat P450IIB1 may be of functional significance as this protein has higher activity towards a wide variety of monooxygenase substrates (34, 35) .
A Cluster of Human Cytochrome P450TI fenp.s at 19ql2 > 19al3.2
The human P450IIB gene maps to 19ql2 >19ql3.2 close to the CYP 2A locus for P450IIA2 (28, 36) . Southern blot analysis using exon-derived P450IIA and P450IIB
probes shows that these two gene families are distinct as different banding patterns are observed ( Figure 3 ) . We are currently using the RFLP's in the CYP 2A and CYP 2R
loci to establish the linkage between these genes.
Using a variety of restriction enzymes the intron-derived 338-bp EE2RI probe from pMPIO hybridises to two or three fragments in human genomic DNA (Figures 3 S 6 ).
In the case of ECflRI, the two fragments observed are either both present or both absent in the same somatic cell hybrids used for mapping (Table 1; Figure 5 ) . The intron 5 probe contains neither BamHI nor HindTTT sites, and so its hybridisation to two or three bands, respectively, of genomic DNA cut with these enzymes strongly suggests that there are least two members within this family. When the exon probe is used in genomic Southern blots the resulting pattern is of similar complexity to that found for P450IIA but less complex than that for the P450IIC family (Figure 3 ; 37).
Thus the human P450IIB subfamily is much less complex than the equivalent family in rats, mice and rabbits (38, 39, 40) .
The clustering of large numbers of P450 genes into families is well established (41, 33, 37) . In man Aiu-AJjj recombination can be a driving force for gene conversion, as has been described for the LDL receptor gene (41) . It is interesting to speculate that these repeat sequences are involved in the duplication and conversion of human cytochrome P450 gene3 especially as they not only appear in P450IIB gene, but also in the 3' transcribed region of the cytochrome P450IA2 gene (42) . Both for P450IIB and P450IA2 the AJJJ sequences are not flanked by direct repeats which may indicate that they have arisen at these sites by recombination rather than by a transposition event.
Abnormal Splirjjng of f.he P4S0IIB Gffne
The isolation of both an apparently normal (at least over the region cloned)
and an alternatively-spliced cDNA for the P450IIB gene from the same individual raises a number of questions. It is possible that we have isolated clones that reflect the frequency of mis-spliced messages generated from this particular gene (43) . However, we have isolated other abnormally-spliced cDNAs at high frequency from other individuals (unpublished observations). So far we have been unable to clone a full-length normal version. Alternatively, it is possible that the abnormally-spliced cDNA clone is derived from a transcribed pseudogene, and that full length versions do not occur. This is also unlikely as all of the exon sequences identified maintain open reading frames throughout, in contrast to the observations in a rabbit P450IIB pseudogene where there are numerous insertions and deletions leading to premature termination (44) .
Other possibilities are that the two types of cDNAs (mJRNAs) are encoded by different alleles, one giving rise to normal and one to abnormal transcripts, or that the two different mRNAs are products of alternative splicing pathways. Northern blot analysis suggests that 2.3kb and 2.7kb P450IIB transcripts are expressed in human livers which could be of sufficient length to produce a normal protein (unpublished observations). At present however these studies do not exclude hybridization to other mRNAs within the same family.
It is intriguing to note that similar examples of alternative splicing of mRNAs have recently been reported in several other members of the P450II family. A cDNA clone derived from a member of the human P450IIC subfamily has been isolated which contains an additional 39-bp section, probably derived from intron 7 (45) . In the case of the mouse male-specific testosterone 16(X-hydroxylase (P450II family), a cDNA has been cloned that has a 142-bp deletion spanning what seems to be a whole exon (46) . This exon is not in the same relative position as the missing exon 8 that we have described. A further example of abnormal splicing has been reported in the human P450IID subfamily, and in this case it has been associated with an inherited defect in the metabolism of a wide variety of drugs (47, 48) . Three variant cDNAs have been observed which retain intron 5 or retain intron 6 or lack exons 1-3 and have lO3t half of exon 6; the latter two cases having arisen from the same individual.
It remains to be established whether any phenotypic variation in drug metabolism or hormone homeostasis may be ascribed to the abnormal splicing of the P450IIB mRNAs, as the enzymic capacity of the protein product is not known. Also it is unclear what genetic components, if any, are involved in the alternative splicing that we observe. We are currently trying to answer some of these questions.
